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INTEMAL-FIIM COOLINGOF ROCKETNOZZLES

By J. L. Sloopand GeorgeR. Kinney

SUMMARY

Expn?imentswere oonductedto determine
coolinga convergent-divergentrooketnozzle
of a coolantalongthe insidesurfaoeof the
(internalfilm cooling). Modifio+ationswerp

the feasibilityof
by the introduction
nozzleentranoe
made to a 1000-pound-

thrustengineusingred fumingnitricacid and anilineas pro-
pellants. Waterwas introducedas a ooolantby two methods:
(1) an aqxmgenmnt of 36 individualjetsdirectedin a fanlike
patte?mdownstreamalongthe nozzlewall,and (2) the use of a
porous-metalring looatedat the nozzleentranoe. H’festiveness
of ooolingwas determined.by the averageheat-absorptionrate of
a massiveooppernozzleand by wall temperaturesalongthe outside
surfaoeof a thin-wallnozzleof low heat oapaoity.

Experimentswith unooolednozzlesshowedthat the maximumwall
tempemture occurredin the convergentseotionnear the throat. The
nozzle-coolinginvestigationswere limitedbut showedthat film ooo1-
ing withwater, when introducedby eitherof the methodsusedat a
rate of 3 peroentof the propellantflow,reducedthe heat flow into
the nozzleto about55 percentof the heat flow for uncooledcondi-
tions. Introductionof the water throughthe porousmtal ring
resultedin a more unifozmdistributionof the ooolantthan the use
of the setsdirectedalongthe nozzlewall. Wall temperaturesin
the throatand divergentsectionsof the nozzlewere not stabilized
by ooolingfor the conditionsused. Film coolingwith water reduoed
the specificimpulse(withthe weightof water included)alxmt in
the sameratioas the zatioof water consumptionto propellantcon-
sumption.

INTROIXJCTION

In a rocket engine,all the workingfluid oan be oxidantqnd
fuel;a largeamount of energyoan thusbe liberatedin a smallvol-
ume. Theselargeratesof releaseof energy,.whlchproduoegas tem-
peraturesfrom 3500°to 6500°F or higher,createa severeoooling
problem;in some oases,engineperfo?manoeoan be seriouslylimited
by the necessityfor cooling. For rooketenginesinvolvingsuoh
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propellantcombinationsas red fumingnitricaoid plusanilineand
liquidoxygenplushydrocarbonfuel,typioalheat-transfervalues
in the oombustlonohamberand in the nozzlethroatare 1 and
4 Btu per seoond per squareinoh,respectively.For high-ener&y
propellantoombinatlons,suohas thoseinvolvingfluorineand
liquidoxygenas oxidantsand hydrazine,hydrogen,boron oompounds,
and nwtal oompoundsas fuels,the heat-transferratesare probably
muoh greaterthan the valuescited.

~ spiteof largeheat-tmnsferrates,rooketenginesoan be
sumessfullyoperatedwithoutooolingfor shortperiodsof time.
For long periodsof operation,som rooketengineshave been regen-
erativelymoled with one or both propellantsflowingover the outer
surfaoesof the combustionohaniberand nozzlepriorto injeotioninto
the oombustim ohamber. Regenerativeoool~, however,is contingent
on the abilityof the propellant-ooolantfluidto absorball the heat
flow intothe enginewallsand stillsatisfactorilyfunotionin the
injeotionand mixtureprooesses.For ~ rooketengines,the pro-
pellantsusedhave insuffioientheat oapaoityto absorbthe heat flaw
or the propellantsare thermlly so unstiblethat theiruse as ooolants
is restrlotedor impossible. For suohoases,a promisingooolingmethod
is internal-filmor boundary-layerooolingwhereby the temperatureof
the enginewalls is ~lntained at a safevalueby a ooolantfilm on
the innersurfaoe. The ooolantmy be eithera propellantor a sepa-
ratefluidand may be introducedas a liquidor as a gas. The internal
ooolingfilmmay be establishedin a varietyof ways that includes,for
example,the use of holesthroughthe innerenginewall, InJeotorsfor
direotedjetsor sprays,annularopenings,and areasof wire oloth,
porous metal, or porousoeramiothroughwhloh the ooolantmay be intro-
duced. The best-knowne~le of regenerativeand film ooolingis the
engineof the GermanA-4 rooketmissile(V-2)j whioh used the fuel
(75-peroentethylalcoholand 25-peroentwater)as the ooolant.

Porous metals for rooket-engine-ooolingapplicationshave gained
widespreadIntirestbeoauseof the possibilitiesof a mthod known
as transpirationooolingand of internal-filmoooling~ In transpi-
rationoooling,the entiresurfaoeis made porousand justenough
ooolantis foroed through the ~tal so as to keep the temperatureof
the porousmstalat a safev@ue. If a liquidooolantis used,the
flow ratesmust be greaterthan the ooolingrequirementsfor theI
porous?w&l to avoid the possibilityof vaporizationwithinthe
porousmetal. This conditlm resultsin uncontrollableoverheating.
The use of a gaseousooolantavoidsvaporizationdifficultiesand
mermltsa high ormrat- *pera*m of the POrOUSwall● In internal-
?ilm Coollng;
establishthe
somedistanoe

ei~herporous-~talringsor segmnts oan be used to
fil.mthat providesthermalinsulationof the wall for
downstreamof the pointof introduction.In this
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application,a liquidcoolantcan be advantageouslyused beoausethe
coolantflow is much greaterthan thatneededto 0001the poroussur-
facesalone. Muohwork on porousmetalsfor rooketooolinghas been
done.by the Jet PropulsionLaboratoryof the CaMf orniaInstituteof
Technology.

The nozzleof the rocketenginepresentsthe most severeoooling
problemof the enginebecausethe accelerated&@s flow throughthe
nozzlegreatlyincreasesthe heat t-sf er by foroedconvection;in
the nozzle.throat,for example,the heat flow is severaltimesgreater
than that in the combustionohamber. An invefiigationwas made at
the Jet PropulsionLaboratoryof the CaliforniaInstituteof Technology
of film coolingof a rocketcombustionchamberand nozzleby holesin
the innerwall in a mnner similarto the engineof the GermanA-4
rocketmissile,but in the experimentsthe aoolingeffeotsin the corn.
bustionchamberand the nozzlewere not sepez’ated.

An experimentalprogrsmwas initiatedat the NACA Cleveland @bo-
ratoryin orderto determinethe effectof variousrates of ooolant
fluw introducedat the nozzleentranceon the heat transferto the
nozzle,on nozzletemperatureditiributio%* on the sPecific~Pu~se
of the rocketengine. Theseexperiments,reportedherein,were limited
to the use of wateras a ooolantand to two methodsof establishing
the inte-lfi~: (1)an arrangementof 36 smalljetsdirectedina
fanlikepatterndownstreamalongthe nozzlewalls,and (2) passageof
the ooolantthrougha porous-metalring. The ooolingeffectiveness
was determinedby masuring the averageheat-absorptionrate of a
massiveooppernozzleand by measuringouter-wall temperatures at a
numberof positionson a thin-wallnozzleof low heat oapacity. Result
of preliminaryexperimentswith an engineoempletelyoooledby liquid
filmsare deaoribedin the appendix.

APPARATUSMm I?ROCEDURE

Engineinstallation.- Tanksand oontrolequl~nt from an
assistedtake-offunit (25-ALJ)-1OOO)were used for the experiments.
A sche=tic flow di~ of the propellantand ooolantsupplysystem
is shownin figure1 for the experhenta11000-peund-thrustengine
usedfor the experiments.The standardtintrolpystemof the take-
off unitwas modifiedto allowpressurizationof the propellanttanks
beforeoperationof the propellantflow valves;full flow couldthere-
fore be rapidlyestab~iahedwhen the propellantflow valveswere opened.
For so% of the runs,the restrictoroheckvalvein the nitrogensupply
lineto the acid and the anilineflow valveswas removedfor rapid
operationof the valves. The engineand propellant-tankassembly
was suspended@ stabilizedby guy wiresthat permittedmotionin
the direetionof enginethrust.

-L
—
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Propellantsand coolant● - The propellantsusedwere anilineand
red fumingnitricauld. The acid oontaineda minimumof 6-pero.entexcess
nitrogendioxideby weighth solutionand a maximumof 5-percentwater
by weight. The propellantswere chosenbeoauseof availabilityand
convenienceas a souroeof hot gasesand not beoauseof speoiflo
coolingproblemsinvolvingthesepropellants,.Waterwas chosenas a
coolantbecauseof convenienceand knownproperties.

Engineassemblies.- Diagrammaticsketohesof partsof the rooket
engineand the variouscoolingsystemsusedfor the nozzle-oooling
expe@mnts are shownin figure2. The in~ectorplate,the combustion
ohamber,and the massive chrome-platedooppernozzleare frmu a type
25-AL-1OOOassistedtake-offunit. The in~ectorplateprovidedfor
four pairsof impingingjets;for the designacid-anilineratioof 1.5,
the resultantdireotionof the impingingJetswas approximatelyaxial.
For the nozzle-coolingexperiments,however,the acid-anilineratio
was 3 and for thisratiothe resultantdirectionof the impingingjets
was about 9° inward. The combustionchamber was thermally insulated
by asbestosgasketsfrom the coolingsectionsand operateduncooled.
The coppernozzle,insulatedfrom the coolingsectionsby mioaand
asbestosgaskets,was usedto obtainaverageheat-absorptionrates.
Thermocoupleswere embeddedin the coppernozzleat severalpositions
to obtainthe tempemture rise of the ooppermass. The thin-wall
stainless-steelnozzlewas used for heat-distributionsurveys. A
skebchof thisnozzleand the looationof 22 thezmmoouplesweldedto
the outersurfaoein orderto obtainwall tempemtues fn axialand
oiroumferentialdirectionsis presentedin figure3. Ten of the
thermocoupleslie in the sameplanealongthe nozzlecontour. In
addition,threethermocouplesspaced90° am were locatedat each
of stations1, 3, 5, and 9. A photographof the thin-wallstainless-
steelnozzlewith part of’the thermocoupleinstallationis shownin
figure4.

The equipmentusedto establishinternalfilmsand control-run
equipmentis also shownin figure2. SectionAwas a chrome-plated
copperring usedfor unoooledoontrolruns. SectionBwas a steel
ring containing12 equallyspaoedstainless-steelin~ectorsand a
secondsteelring usedas a spaoerto uke the lengthof sectionB
the sameas for othersections. The in~ectorsprojectedabout
1/8 inch intothe combustionchamberand each containedthree
0.0135-inchdiameterholesfor directingjetsof waterdownstream
ina fanlikepatternalongthenozzlewall as indioated.A photo-
graphof this injectorring is shownin figure5. SeotionC (fig.2)
was a porousbronzering 1.5 incheslongand enoasedin an aluminum
housing. Distilledwaterwas foroedinwardthroughthe porousring
and was oarrieddownstreamthroughthe nozzleby the flowinggases.
Two porous-wallsectionswere usedand differedfrom each otheronly
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in the ring t~clmess and thermocoupleinstallation.The first ring
was 1/2 inoh thiokand had nine ohromel-almel thermocouplesspaoed
aroundthe oircum?er’enoewith the ~unctions looatednear the inner
surfaoeof the ring. A tenththermocouplewas installedIn the4?4u-
lar water feed to the porousring. A photographof the porousring
in the aluminumhousingwith the thermocouplesinstalledM shownin
figure6. The seoondringwas 1/4 inchthickand five oopper-cmstantan
thermomupleswre installedaroundthe circumference.One themo-
oouplewas embeddedin the porousmetalnear the innersurfaoe,one
was embeddednear the outer surfaoe,- threewere installedflush
with the innersurfaoean3 thermallyinsulatedfrom the porousmetal.
SectionD (fig.2) providedfor two jetsradiallydirectedimard
that oarriedthe wateraway from the wall in orderto com~e this
mthod with the mthods in whioh the waterwas directedalong the
wall●

Measurements.- Thrustwas measuredby a bar springequip~d with
twQ wire straingages connectedin a reslstanoebridgeOirouit. A
modified,self-balancing,recordingpot6ntic@terplottedthe varia-
tion of thrustwith the. The entiresystemwas calibratedby apply-
ing dead-weightforoesin the qam directionas enginethrust. Two
thrust-measuringbars were used. For one bar, four calibrationsover
a Periodof 2 weeks agreedwithin0.6 percentat an appliedforoeof
MOO pounds. Similarcalibrationswith the seoond* over a period
of 6 monthsgave resultsthat agreedwithin1.2 peroentfor all oali-
brations. Proyllant and coolantoonsumptionswere determinedby
placingweighedquantitiesof the fluidsin tk.etanksbeforethe run
and by weighingthe amountof fluiddrainedfrom the ttis after the
run. Enginso~ration was alwaysstoppedbeforeexhaustionof ~ of
the fluids. Combustion-&amberpressurewas measuredby a’Bourdon
pressurerecorder. !i!empe~tureswere obtainedby chromel-almneland
oopper-constantanthermocouplesand by threetyps of reoorder:
(1) self-balancingpotentiometers,(2) photoelec~ic~=~ters,
and (3)a multichanneloscillograph.

Specificimpulsewas oomputedby integratingthe thrust-time
recordby a planimeterand dividingby the sum of the propellantand
ooolantconsumption. For the runs in which specificimpulsewas
determined,the accuracyof thismeasurementwas inoreasedby pro-
visionfor rapidopenfngand shuttingof the acid and the aniline
flow valves. This provisiongave more,oonstant’flowsand rapid
developmentand cut-offof full enginethrust. The hea’habso$bedby
the ooppernozzlewas computedas the productof temperaturerise,
specificheat of copperat the averagenozzletemperature,and nozzle
weight. The runs variedin time from 10 to”19secondsand tempemtures
throughoutthe coppernozzlewere equalizedabout60 secondsafter
startof omibustion.This temperaturewas used to oalculate the heat
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the nozzle at that time. From measurementsof the rateof
duringseVeralminutesafterthe end of combustion.a cor-

rectionfaotorfor heat lossto the surroundingatmospherew&s deter-
mined. This correctionfactorwas usedto estimate’theheat loss
duringthe 60-secondperiod. The heat lossamountedto between3 -
10 peroentof the heat absorbedby the nozzleduringcombustionand
was addedto the heat stored
the equilibriumtemperature.

Operatingconditions.-
coolingexperlzmntswere:

Thrust, lb . . . . . . ...
Ohamberpressure, lb/sq in.
Combustiontime, sec . . .
Oxidant-fuelratio . . . . .
Propellantflow, lb/eec .

in the nozzle,wh5.chwas determinedfrom

The operatingrenditionsfor the nozzle-

. ...** ..,**. ● *S 105O*5O
absolute . . . . . . . . . . 290+10
..*.* .**** . . . . . ● 1 to 19
● ...** ● ..*.* ● ** 3.OiO.2
● *+.** ● **.** ● e* 6.1.iO.3

Coolantflow, @went of propellantflow . . . . . . . . . 0 to 9

RESTJLTSANDD18CUH810N

Copper-nozzleexperiments.- The avemge nozzleheat-absorption
mte and specificimpulseare shownin figqre7 for four typesof
run: (1)uncoiled”(referencecondition),(2) with water-~et0001ing
directedalongthe nozzlewall, (3) with ooolingby water seeping
througha porouswall beforethe nozzle,and (4)with water In#ection
away from the wall beforethe”nozzle(referenoecondition).For the
uncooledruns,the averagenozzleheat-absorptionratewas 1.49+0.05Btu
per secondper squareinch. The runswith coolingshow some soatter,
part of whioh is attributedto uncertaintiesin the measurementof
waterflow. At a waterflow of 3 percentof th.~opellant flow,
the nozzleheat-absorptionratewas about55 percentof the rate for
the uncooledruns. Only two runswere made with the porousring
(1/2 tn. thick),one at 2.3 and the otherat 3.2 percentof the pro-
pellantflow;the resultsfell alongthe seinecurve(fig.7) as those
for the injectionwithwater jetsdirectedalongthe nozzlewall.
For waterflowsfrom4 to 8 peroentof the propellantflow with water
‘jetsdirectedalongthe nozzlewall, the nozzleheat-absorptionrate
showedno appreciablechange. The high nozzleheat-absorptionrates
for the runswherewaterwas introducedawey from the wall clearly
showthat the obsemed reductionsin nozzleheat-absorptionrates
for water introducedalongthe wall were oausedby coolingof the
boundarylayer. Heat-transferratesand engineperformancewere
sligh%lyhigherfor thesetwo controlruns thanfor uncooledruns
bacausethe propellantflowwas about 8 percenthigher. The higher
propellantflowwas oausedby a higherinjeotionpressure.

S*

.
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The specificimpulsesobtainedduringthe coolingexperiments
are also shownin ftgure7. The speciftcimpulsefor the runswith-
out coolingwas 17+ pound-secondsper poundand thisvalue is about
80 percentof the theoreticalperfornmnce.For a waterflow of
3 percentof the propeUant flow, the specifio impulsewith the
weightof water includedwas reducedabout3 percentfrom“thatfor
uncooledoperation.

For the run with theporous ring and a water flow of 3.2 percent
of the pro~ellantflow,the water temperaturemeasuredin the water
supplyannulusfor the ,wrous ring rose frti 390 to 62° F during
15 secondsof operation,andthe maximumtemperaturefor thermocouples
in the porousmetalwas 680 F. For the run with a water flow of
2.3 percentof the propellantfluw,the water in the annulusrose
from 55° to 81° F in 9 secondsand porous-metaltemperaturesat six
circtierentialpositionson the surfaceof the porousmetalwere
860, 980, ~50,1550, 1740,@ 3050 F. This wide variationin
porous-metaltemperatureindicatesa nonuniformcoolantflow through
the ring,whtchwas causedby accidentaloverheatingand carbon
foulingof the porousring duringa prelimina~ run at a low coolant
flow. For all experimentswith porous-metalrings,difficultywas
experiencedwith pluggingof the porous metal. Depositsof carbon
alwaysappearedon the poroussurfaceevenwhen an excessof water
was continuouslypumpedthroughthe ring before,during,and after
combustion.This difficultycouldbe avoidedby the use of propell-
ants containingonly o~gen, hydrogen,and nitrogen. The progressive
pluggingappearedto be of a pemanent natureand in additionto the
carbonaceousdeposits,the plugglngmay also have been causedby con-
taminantsin the distilledwater (in spiteof elabomte precautions),
gas entrapment,and hydraulicdamageto the internalpore structure
of the porousbronze.

Some of the sxall-diameterholes (0.0135 in.) of the water
in$ecmrs (fig.2, sectionB) were cloggedwith carbonaceousdeposits
aftera run and had to be cleanedand checkedaftereach operation.
- addition,amll water setswere difficultto directin a desired
mannerbecausecritical manufacturingtoleranceswere required. Dif-
ficultiesof this naturewould prolmblynot le encounteredif Mrger
$ets in largerengineswere used.

Thin-wallnozzleexperizents.- The lengthof threeuncooled
runswith the thin-wallnozzlewas necessarilyshortbecauseof the
low heatstoragecapacity,and variedfrom 0.8 secondfor the first
run to slightlyover 2.4 secondsfor the secondand third runs; these
two timeswere chosenfor wall-temperaturecaparisons betweenuncooled
and cooledruns. ThfJwall tempe~tures at a numberof positionsfor
an uncooledrun at the selectedtimesof 0.8 and 2.4 secondsare shown
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temperaturein the oon-
is approximately1 inoh

upstreamof the nozzlethroat. Eome &iroumferentI;ltemperature
variationoccurredespeciallyin the convergentseotion. Wall temper-
aturesalonga contourlineorientedat the 3 otclockpositionlooking
upstreamwere higherin most casesthanotherclrmmferentlalpoints
at the sameupstreamdistance;this tendencywas also observedfor the
other uncooledruns. Some insight of the variationof the initial
heat-transferratewith axialpositionin the nozzlecan be obtained
from inspectionof the cnmvesof wall-temperaturevariationwith axial
position. For this purpose,the ourveat 0.8 seoondis betterthan
the curveat 2.4 seconds.

The reproducibilityof the wall temperaturesat 0.8 second
and at 2.4 secondsfor the threeunmoled runs is shownat several
positionsby the followingtable:

&
Run Tim

(ss0)

1 0.8
2 .8
3 .8

Maximumdifference

2 I 2.4
3 2.4

Maximumdifference

are
the
2.4
and

‘mpwure
ConvergentsectionlThroatlDivergent,section

—

Station Station Station
2 314 5 7 8 9 10
419 554 285 451 294 158 276 181
326 537 438 408 312 176 306 201
400 643 472

.
399 266 149 300 172

93 106 187 52 46 27 30 29

1087 1320 918 1351 MO 480 594 431 *

1291 1574 1112 1397 840 480 602 450

204 254 194 46 0 0 8 19 —

Wall temqmraturesatall stationsexceptstatlon5 (throat)
for the verticalposition. The throatwall temperaturewas at
3 otolookpositionlookingupstream. At runs for both 0.8 and
seconds,the wall temperaturesfor any positionin the throat
the divergentseotionsagreedmore closelythanthe wall tem-

peraturesat any positionin the convergentseotion. Temperature
variationsin the convergentsection,as observedfor comparable
runs in this investigation,introducean additionalcomplication
in the problemof coolingthe convergentsection.

The resultsof coolingthe thin-wallnozzleby a water flow
of 3.5 percentof the propellantflow passingthrougha 1/4 inch
thickporousringbeforethe nozzle are shownin figure9. The
wall temperaturesfor the uncooledrun (fig.8) are replottedfor
comparison.The wall temperaturesat 0.8 secondare shownin
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figure9(a);at this the, the effeotof ooolingis clearlyap~rent
in the convergentsectionand in the throat;whereasthere is no
appreciablecoolingeffectin most of the divergentsection. The
wall tempeza.turesat 2.4 secondsare shcmnin figure9(b). The effect
of ooolingin the convergentsectionis stillapparentbut the throat
temperatureshave risen considerablyand the temperaturesin the
divergentsectionare near the valuesfor the unoooledrun. The maxi-
mum wall temperaturemeasuredfor the cooledrun at 2.4 seoondswas
820°F and this temperatureoccurre~at a ~sition in the throat.
The wall tempez%tureat this point continuedto riseand be- so
high after 9 seoonds(fig.9(c))of operationthat the run was
stopped. With one exoeptionthe wall temperaturesin the convergent
seotionafter 9 secondsremainedcomparativelylow,between30@ and
410° F. The one exceptionwas adjacentto the hot spotat the throat.
Two wall temperaturesat the throatwere 1390°and 1944°F and the
wall tem~ratures in the divergentsectionrangedfrom 1035°to
1424°F. Thesehigh temperaturesin the throatand divergentsections
indioateinadequatecoolingfor the conditionsused. No data for the
correspondinguncooledrun for 9 secondsare shawnin figure9(c)
beoausewithoutooolingthe nozzleburnedout in 4 seconds.

A plot of wall temperatureas a functionof time is presentedin
figure10 for seve~l of the positionsshownby figure9. A wall
temperatureat station1 (the stationnearestto the porousring)
is shownin figure10(a)and is representativeof the four wall temper-
aturesrecordedat this stationfor the cooledrun. The stabilizing
effectof the water film on the wall tempenture is clearlyapparent.
Temperaturesat tlq%e circumferentialpositionsat station3 in the
convergentsectionwhere the =imum wall temperaturesfor unmoled
runs occurredare shownin figure10(b). The wall temperaturesfor
the uncooledznlnrose rapidlybut for the cooledrun two wall temper-
aturesstabilizedat about400° F. The thirdwall temperaturefollowed
the othertwo for about4 seoondsafterwhioh tire it began to increase
rapidly. As previouslymentioned,this rapidrise of temperatureis
probablyoausedby the pre~noe of an ad~aoen:hot spot in the throat.
The variation of wall temperaturesat two circumferentialpositions
at station5 at the throatare shownin figure1O(C). Althoughboth
wall temperaturesrose more slowlyduringthe cooledrun than the
uncooledrun, the ooolingwas inadequateto stabilizethe wall temper-
atureat a safeworkingtemperature.The variationof wall temperature
in the di~ergentsectionnear the exit.isshownin figure10(d). The
data,typioalof all data recordedfor the divergentsection,showa
rapidrise of wall temperaturefor both unoooledand oooledruns.
Althoughthe coollngeffectin the divergentsectionis disoe-ble,
it was inadequatefor steady-stateooolingof the divergentseotion
for the operatingconditionsused.
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The temwrature at the outersurfaoeof the porousring rose
from 64° to 820 F in 9 eeoondsof o~ratian and the temperatureat
a positionnear the innersurfaoeof the pozxmsmetalrose to 89° F.
Threethermocouplesexposedto the combustionchamberindi.oated
temperaturesof 108°and 125°F at the top of the ringand 1900F at
the bottomof the ring.

Wall tempenturesof the thin-wallnozzleat severalpositions
after9 seoondsof operationwith water ooolingby the Jetsdirected
alongthe nozzlewall at the entranceare shownin figure21. The
water flowwas about 8.5 peroentof the propellantflow. The results
showthe sam trendsas thosewith,porous-ringcooling;that is,
considerablecoolingin the convergentsectionand ineffectivemol-
ing in the throatand divergentsections. The run with the directed
jetsvas stoppedafter10 secondsby the appearanceof a hot spot
in the throatregion. A visualexaminationof the thin-wallnozzle
afterthe run clearlyindioated,by metaldiscolorationstreaks,a
nonuniformcoolantcoverageof the innersurfaoeof the convergent
section. The throatand divergentsectionsshoweda uniform~tal
discolorationand henoeno visibleindicationof nonuniformityin
coolantooverage.‘A photographof the thin-wallnozzle after this
run in shownby figure12 and the metal-discolorationstreaksin the
convergentsectionoan be seen. Theseresultsindioatethat the sets
did not giveas uniforms coolantcoveragein the convergentsection
as did the porousring;the nonuniformityof ooolantcoverageby jets
~“’%e oausedby the particularjet patternused. A differentset
patternwhereall the jetsare directedat an angleto the gak flow
to pz-oduoea helioal~th~y be a betterarmngement for uniform
nozzlecoverage,but this possibilitywas not investigated.

The resultsof the thin-wallnozzleexperimnt& on nozzleoooling
do not show steady-statecoolingof the entirenozzlebut indhate the

possibilityof coolingthe convergentsectionby a reasonable amount
of ooolantintroducedunfformlyat the entranoeof the nozzle. Addi-
tionalooolingis requiredat the throatand in the divergentsection.
Furtherexperimentsare requiredto determinethe most reliable
methodsof internal-filmoooling.

were

SUMMARYOF RESULTS

Experimentson Internal-filmoooliqja convergent-divergentnozzle
conductedwith a modified1000-pound-thrustu-rcial rocket

engineusingred fumingnitric!acid and enilineat an oxidant-fuelweight
rati,oof 3.0 and combustion-ohamberpressureof about290 poundsper
squareinchabsolute,whiohresultedinan averagespecificimpulseof

.

177 mound-seoondsmm wmnd. WaterWas introducedas a coolantat the F ●-



4* NACh RM No. E8A29a

● nozzle entmnc-eby

~ 11

two methds: (1)a singlearrangementof 36 jets

.
.

directedin a fanlikepatternalongthe nozzlewall, and (2)by means
of a porous-metalring-locatedat the nozzleentrance. Coolingeffec-
tivenesswas determinedby the averageheat-absorptionrate of a mas-
sive coppernozzleand by wal$ temperaturesat many positionson a
thin-wallnozzleof lowheat capagit~. The nozzle-coolingexperi-
mentsgave the followingresults:

1. For uncooledruns,the maximumrecardedwall tempemtum of
the thin-wallnozzleoccurredin the convergentsections shortdis-
tanceupstreanof the nozzlethroat. For comparableuncooledruns,
the wall temperaturevariationin the convergentsectionof the thin-
wall nozzlewas greater than the wall temperaturevariationin the
throatand divergentsections.

2.,Awater flow throughthe porousring of 3.5 percentof the
propellantflow introducedat the entranceto the convergentsection
of the nozzlestabilizedthe wall temperaturesin the convergent
sectionexceptfor one point,but inadequatelycooledthe throatand
divergentsections. The one unstabilizedpoint in wall temperature
in the convergentsectionapparentlyresultedfrom the ~~h of a
hot spot in the throat.

3. A water flow of 3 percentof the propellantflow,when intro-
ducedby eitherthe directedjetsalongthe nozzle wall or by the
porousring,reducedthe averageheat-absorptionrate of the copper
nozzleto about55 percentof the uncooledvalue.

4. ~creasing the water flowsfrom4 to 8 percentof thepro-
pellantflowwith water Jetsdirectedalongthe nozzlewall caused
no appreciablereductionin the heat-absorptionrate of the
nozzle.

5. A strictcomparisonbetweendirectedjetsand porous-ring
~thods for film coolingwas not made but the resultsindicatethe
porousring gave a more uniformcoverageof ooolantin the conver-
gent sectionend was more effectivein coolingthe convergentsection
of the nozzlethan the particularwater-jetarrangemmt used.

6. For fi~cooling with water,the specific‘.mpulsewith the
weightof water includedwas reducedin approximatelythe _ ratio
as the ratioof water consumptionto propellantconsumption.

FlightPropulsionResearchLaboratory,
NationalAdvisoryCommitteefor Aeronautics,

Cleveland,Ohio.
c.

.
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HP.ERDlx - PRELIKmARY ~ WITE A FIIM-COOIiEDROCKETENGINE

Frlor to the experimentsof’nozzle-fIlm oooling,a preliminary
studywas made on a one-piececombustionchamberand nozzlefrom the
dropableassisted take-off@t previouslydesorfbed. The enginewas
modifiedas shownby figure13 to includetwo ringsof twelvecoolant
injectorsin the combustionchamberat stations1 and 2 and one ring
of eightinjectorsin the convergentsectionof the nozzleat station3.
Each injectorhad three0.0135-inch’holesfor dlrecthgwater jets
downstreamin a fanlikepatternalongthe wall as shown. Chromel-
alumelthemzocoupleewere installednear the innersurfaceand were
located behindeach injectorring,in the throat,and in the nozzle
exit.

No attemptwas nmde to controlaccuratelythe operatingconditions
of the engine. F&emwater calibrations,the acid-anilineratiowas 1.6.
Thrustwas a~proximately1000poundsand chaniberpressurewas about
265 poundsper squareinchabsolute. The propellantflowwas about
6 poundsper secondand the coolantflowwas about12.5percentof the
propellantflow.

The time-temperaturevariationsduringthe run at each of the
five thermocouplestationsare shownin figure14. Satisfactory
agreementinwali temperaturesat all positionswas obtainedfor the
two ~uribooledruns and at most of the stationsfor the cooledruns.
For one unoooledrun after23 secondsof operation,the wall te~r-
aturesrangedfrcm 660°F in the exit to a =imum of 1270°F in the
convergentsectionof the nozzle(figs.14(c}and”14(e)). The greater
wall thicknessat the throatis insufficientto accountfor the large
tempenture differencebetweenthe convergentsectionand the throat.
The wall temperaturesfor one oooledrun after23 secmndsof operation
rangedfrom about410° F in the combustionchamberto 6200F in the
uncooledregionbehindthe firstring of coolant injectors(figs.14(a)
and 14(b)). The~~~~ferencesof wall temperaturesfor the two cooled
runsbehindthe firstring of coolantinjectors(station1) may be
the resultof one or more of the followingconditions: (1) axialheat
conductionalongthe 1/2 inchthickcombustionchamber,(2) clogging
of some of the waterkjetholesnear the themooouples,and (3)bacl&low
of coolantcausedby propellant-injectionturbulenceand combustion
fluctuationsin that region. The wall temperaturesbehindthe semnd
and thirdcoolant-injectorrings (stations2 and 3) are near stabil-
izationbeforethe epd,ofthe runs. The throatand exitwall temper-
atureswere appreciablyaffectedby the coolantbut were not stabil-
izedbeforethe end of the runs.

~ai %.-*.... .’ 7>-.. . -.
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Thesebriefexperimentsdid not resultIn steady-stateoooling
of the enginebut they did serveas an indicationof the rangeof
_tude of the variablesinvolvedand the praotioalproblems
encounteredin usinginternalcoolingby directed#ets.
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at eaoh of stations1, 3> 5> and 9.
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Figure7. - Effect of internal-filmcoolingintroducedat nozzle
entranceon averagenozzleheat absorptionand on specificimpulse
of rocketengine.



24 NACA RM No. E8A29a

t

2000
~ S+.=’.@, ~

1800 , r

1?

/\

1600 t

/h‘,
I1

1400
/ \ L;
1

~ \

t!?
1200 L

.

g

1+ {

1000 \
k

$
— 0.8 St300tld
—— -- 2.4 eeeond

I , I ! 1 1 t I I 1 f
1234S67 8 9 10

StatIon

Figure 8. - Wall temperaturesfor uncooled thin-wallstainless-steelnozzle after
0.8 and 2.4 seoonds.

,,

.
.

.

.



. .

\

to
o
c?)

.

.

NACA RM No. E8A29a 25

.

800

600

400

200

a

st.+ksj.+ ‘

Throat-

Cooled
: Uncooled

Y

/

1

6

A
> I

0 ~

I d A s t &

=@??=
1 t
o 1 2 3 4 6 6

Axial dia%ance, In.
I I I 1 I I ! I 1 t

123466 ? 8 9 10

Station
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Figure 9. - EfTeot of water from porous ring at flow of 3.5 percent of propellant
flow on wall temperatures of thin-wall stainless-steel nozzle..
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(b) ‘2.4seconds.

Figure 9. - Continued. Effect of water Puom porous ring at flow of 3.5 percenz
of!propellant flow on wall temperatures of thin-wall stainless-steel nozzle.
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Figure 9. - Concluded. Effect of water frcau porous ring at flow of 3.5 percent
of propellant flow on wall temperatures of thin-wall stainless-steel nozzle.
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Figure 10. - Wall temperatures of thin-wal stainless-steel nozzles
as function of time f’or unccoled operation and when cooled by
water from porous ring at f’low of 3.5 percentof propellantflow.

.-

*

.

,

.



. .
NACA RM No. E8A29a 29

c

.

.

.

2000

1800

lsdo

1400

HOo

1000

800

Soo

400

200

0

l!lme,seo

(b) Statlon3 (convergentseotion ).
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ring at flow of 3.5 peroent of propellantflow.
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. Figure 10. - Concluded. Wall temperatures of thin-wall stainless-
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Figure 11. - Wall temperatures of thin-wall stainless-steel nozzle after 9 seconds
of operation with jet cooling at water flow of about 8.5 peroent of propellant
flow.
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F- 12. - Thin-wall stainless-steelnozzle after run with Jet ooolingalong =r suz’-
faoe. Note heat ptterna on convergenttik~tIon.
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.gure14. - Variationof wall temperaturewith time in unc?ooled ahd
in internally film-cooled rocket engine with water flow of 8pPvou-
mately X2.5 percentof propellantflow.
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Figure 14. - Continued. Variation of wall temperature with time in
uncooled and in internally film-cooled rocket engine with water
flow of approximately 12.5 percent of propellant flow.
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Figure 14.. - Continued. Variationof wall temperaturewith time in

4 uncooledand in internallyfilm-cooledrocket enginewith water
flow of approximately12.5 percentof propellantflow.
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Figure14. - Concluded. Variationof wall temperaturewith time In
uncooled and in internally film-cooled rocket engine with water
flow of approximately12.5 percentof propellantflow.
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